Semiconductor nanoparticles particularly quantum dots (QDs) are interesting alternatives to organic fluorophores for a range of applications such as biosensing, imaging and therapeutics. Addition of a programmable scaffold such as DNA to QDs further expands the scope and applicability of these hybrid nanomaterials in biology. In this review, the most important stages of preparation of QD-DNA conjugates for specific applications in biology are discussed. Special emphasis is laid on (i) the most successful strategies to disperse QDs in aqueous media, (ii) the range of different conjugation with detailed discussion about specific merits and demerits in each case, and (iii) typical applications of these conjugates in the context of biology.
Introduction
Inherent material properties of semiconductor nanoparticles (NPs) or quantum dots (QDs) lend in tremendous potential for applications in biology [1] [2] [3] [4] . Properties such as size tunable emission, high fluorescent quantum yield and resistance to photobleaching make QDs highly desirable candidates for several biosensing and tracking applications. Additionally, high surface to volume ratio, multiple chemically reactive ligands on the surface and high biomolecule loading capacity have augmented the use of QDs in targeted delivery and therapeutics. For most of these specific applications, QDs are first conjugated with biomolecules such as nucleic acids, proteins or signalling molecules. The last couple of decades have seen a lot of development in the routes of functionalization of QDs with these biomolecules. In this review, different approaches to transfer QD from organic media to aqueous media and subsequent biofunctionalization with nucleic acids are discussed. Quantum dot-DNA conjugates bring together the material and biological properties of both QD and DNA. As discussed in subsequent sections, these conjugates can be tailored for multiple physical, chemical and biological applications.
QDs are semiconductor nanomaterials synthesized by systematic formation of a core and a capping shell. The major photophysical and optical properties of QDs arise from the core and shell. The shell additionally assists in passivation of the surface defects of the core, enabling to thus preserve the properties of the core and prevent environmental damage [5] . Organic ligands are bound to the shell of QDs, which need to be systematically over-coated by amphiphilic moieties or displaced by hydrophilic ligands in order to make the nanocrystals water soluble. A step-wise scheme to generate QDs dispersed in water is shown in figure 1 . Synthesis of core/shell type QDs can be also carried out directly in water, albeit with limited control. For a comprehensive overview on mechanistic details of QD synthesis, readers are referred to the review by Rodriguez et al. [6] .
In the next section, different strategies to make QDs water soluble are described in detail.
Methods to disperse quantum dots in aqueous media
Several methods commonly employed to transition QDs from organic to aqueous media are discussed. These methods are chosen such that the nanoparticle diameters are less than 30 nm, which is desirable for a range of biological applications including targeting and therapeutic delivery.
Encapsulation
One of the fundamental methods to solubilize QDs in aqueous media involves encapsulation with phospholipids [7, 8] . Pioneered by Dubertret et al., this strategy involves overcoating the existing organic ligands with amphiphilic phospholipids (figure 2a). The aliphatic chains of phospholipid can organize within the organic ligands on the surface of QDs by virtue of the hydrophobic interactions. The composition of the phospholipid formulations can be tailored for specific applications to yield fairly monodisperse QDs. In this study, these formulations remained stable for up to a month at a broad range of salt conditions. Though upon inception it was one of the most radical approaches to transfer QDs in aqueous solutions, the strategy has some inherent disadvantages. As the strategy is based on over-coating the existing ligands, the inherent size of dispersed particles is large. Additionally, the phospholipids can easily desorb from the surface of QDs (high k off ) in a concentration-dependent manner. Thus, these formulations lose stability at higher dilutions. Phospholipids-coated QDs can also be transfected into cells, which undergo rapid aggregation and reduced cytoplasmic mobility [9, 10] . In order to overcome several of these issues, one of the first reports by Wu et al. demonstrated that octylamine-modified poly-acrylic acid based polymer can be used to coat QDs, and further used to selectively detect multiple biological ligands in cells [11] . Another strategy of encapsulation by Pellegrino et al. used polymeric ligands based on poly(maleic anhydride alt-1-tetradecene) [12] . Herein, the QDs were first coated with these oligomeric ligands which are then cross-linked on the surface of QDs (by specific linker molecules) followed by hydrolyzation of the unreacted anhydride groups (figure 2b). This step makes the polymeric shell amphiphilic. This strategy compactly encages the QDs with average diameter between 11 and 13 nm. In this work, however, no bioconjugation or targeting was shown. In another work soon after, Kairdolf et al. demonstrated that QDs encapsulated with poly(acrylic acid)-octylamine polymer can be cross-linked and hydroxylated by reaction with 1,3-diamino-2-propanol (DAP) in the presence of EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride) and NHS (N-hydroxysuccinimide) [13] . This strategy further neutralized the surface charge on QDs, maintained small hydrodynamic diameter (D h , 13-14 nm) and conserved high quantum yield (QY) up to 60-65%. Additionally, due to near neutral surface potential, the QDs displayed minimal non-specific adsorption on HeLa cells. Encapsulation via the polymeric shell in general has been acknowledged as a fairly robust method to generate QDs with high QY and preserved solution stability [7, [14] [15] [16] . Similarly QDs encapsulated with PEG-based polymers are the current state of the art for several commercial preparations from manufactures such as ThermoFisher Scientific (formerly Invitrogen).
Ligand exchange
In order to disperse QDs in aqueous solutions, systematic change of surface ligands is carried out. Type of exchanging ligands determines overall properties of QDs including hydrodynamic radius, fluorescent quantum yield and colloidal stability. A typical procedure to exchange ligands on the surface of QDs involves precipitation of the nanocrystals out of the organic medium and then re-dispersion in the presence of excess of the amphiphilic ligands. The resuspended solution is usually kept at high temperature (60-908C) for 5-18 hours to facilitate exchange and enable sufficient surface coverage. After ligand exchange, the QDs display polar functional groups that impart solubility in aqueous media. These ligands are bound to the QD surface by non-covalent bonds. Several designs of these ligands have been tuned to increase bond strength, stability and solution properties of QDs. Similarly the procedure for ligand exchange may additionally influence the polydispersity of the water-solubilized QDs [17, 18] .
Typical ligands employed for phase transfer of nanocrystals are based on the affinity of specific functional groups for the QD surface. The chemical groups, which have been shown to have high affinity for the QD surfaces include thiols (discussed below), carboxylic acids [19] , phosphonic acids [20] and amines. For the scope of this review, selected thiol-based ligands are discussed in detail. The ligands that are commonly used to coat the surface of QDs can be broadly classified into two groups-small molecule ligands and higher molecular weight polymeric ligands.
Small molecular weight ligands
These ligands are generally derivatives of mercaptoacetic acids or mercaptoethyl amines ( figure 3 ). First demonstrated by Chan & Nie close to a couple of decades back, the most popular mercapto alkyl acid based ligand is mercaptopropionic acid (MPA) [2, 17] . The others include mercaptohexanoic acid (MHA) [21] , mercaptoundecanoic acid (MUA) [22] [4, 23] and thiol-containing amino acids such as cysteine [23] and D-penicillamine [24, 25] have also been used for ligand exchange. These ligands bind to the QD surface via the thiol functionality and terminate in a hydrophilic amine group, which can be further used for conjugation. It has also been observed in the literature that thioalkyl amine derivatives often result in less stable dispersions of QDs in hydrophilic media; and thus are used in moderation [23, 26] . Monothiol-based ligands are widely used for ligand exchange of QDs. However, they also suffer from inherent disadvantages. The anchoring of monothiol ligands to the QD surface is mitigated by a single non-covalent bond, which is 
Polymeric ligands
Using the design principles from small molecule ligands, several polymeric ligands have been synthesized. These polymeric ligands comprise several monomers with affinity for QD surface, several charged or hydrophilic groups that impart water solubility and some reactive groups that can be used for bioconjugation. Polymers can thus be considered a unified scaffold that comprises several desirable modalities. The synthesis is often carried out by copolymerization of stoichiometrically predefined monomers. Another alternative includes synthesis of a polymer backbone and then conjugation of water solubilizing and functionalizing entities on this scaffold [36] . After the synthesis of polymers, these preparations are added either directly to the QDs (in the case of ligands based on PEG, imidazole, etc.) or to QDs pre-exchanged with MPA or other small ligands (particularly for thiol-based ligands including DHLA). Based on the nature of synthesis of QDs, types of ligands and nature of reducing agents, variable protocols are optimized [37] . For example, for disulfide containing ligands, prior reduction of the ligands assists in generation of thiol and favours dynamic interactions with the QD surface [38, 39] . In the case of some imidazole-or pyridine-based polymers, this reduction step is not required [40, 41] . There have been multiple designs of such polymers with various compositions of surface anchoring and water solubilizing monomers. Interested readers are referred to a review by Sperling & Parak for a comprehensive description of various polymeric scaffolds used to disperse QDs in aqueous media [42] .
Surface exchange via polymeric ligands has profound advantages over mono/bidentate small molecule based ligands. Owing to the multidentate nature of interactions between the surface and the polymers, QDs display higher stability in dilute conditions for prolonged periods of time. A very interesting comparison by Giovanelli et al. discussed the timedependent desorption of dithiol versus poly-thiol ligands from the surface of QDs via ligand competition experiments. It was shown that the rate of desorption (k off ) of polymeric ligands was more than 300Â lower than that of dithiol-based ligands [38] . Secondly, based on the type of polymers, the stability is not affected by variation in pH. The polymers derived from thiol-based linkers have higher tolerance to a range of pH (4.5-9 or higher), whereas polyhistidine-based ligands are often unstable below pH 6. Despite the nature of ligands, QDs coated with hydrophilic ligands have both high stability and QY in neutral to basic pH. Additionally, QDs coated with polymeric ligands also have additional functional groups incorporated for conjugation where specific covalent attachment of biomolecules could be obtained. Polymer-based ligands have also expanded the intracellular stability of the conjugates. An inherent issue with the use of polymeric ligands is the concomitant increase in the size of QDs. The amphiphilic coating can easily increase the hydrodynamic radius 2-3-fold. Therefore, current efforts are attempting to devise polymeric scaffolds that not only provide the advantages discussed above, but also retain smaller size of nanocrystals.
Another type of ligand exchange strategy not discussed in detail here includes coating of QDs with silane derivatives. Silica shells can be grown around QDs either by silanization (smaller D h , less than 10 nm) or by encapsulation (larger D h , 20-30 nm). Often growth of silica shells around QDs is a multistep process. However, the hydrophilic QDs thus obtained have both moderately high QY and stability, particularly in alkaline media. Interested readers are referred to a review by Selvan for additional details and current state of the art [43] .
The strategies mentioned above discuss the types of ligands and their assembly onto the surface of QDs via different exchange methods. The overall goal of different ligand exchange strategies is to achieve bright and compact QDs in biological buffers. Some of the desirable properties include (i) homogeneous monodisperse population of QDs, (ii) retaining high fluorescence quantum yield, (iii) long-term colloidal stability, (iv) small size, (v) minimal non-specific interactions with biological media, and (vi) synthetic reactivity to chemical conjugation. Previous and current research aims to achieve water-solubilized QDs with several of these properties. In general, transition from organic solvent to aqueous media is accompanied by reduction in quantum yield. Type of ligands and the exchange procedure tends to affect the state of aggregation of the capped QDs. The ligand exchange procedures generate major population of single nanocrystals homogeneously coated with the polymeric ligands. However, along with these QDs, there are sub-populations of dimers or oligomeric aggregates of QDs that form, and increase the heterogeneity of samples. Bigger aggregates can be removed by centrifugation, but smaller clusters (dimers, etc.) are often impossible to get rid of. Also, smaller ligands maintain compactness of the QDs, but display poor stability in dilute conditions and long durations. Contrarily, QDs coated with polymeric ligands have higher colloidal stability, but the QDs are both heterogeneous and substantially bigger. Current efforts are dedicated to optimize several of these parameters based on the specific target applications. After dispersing QDs in aqueous solutions, the next step is to functionalize them with specific biomolecules, such as nucleic acids.
Strategies to conjugate DNA to quantum dots dispersed in aqueous media
Nucleic acids, particularly DNA, are one of the most stable classes of biomolecules. The natural selection of DNA as the hereditary material in the course of evolution is attributed to this remarkable tolerance to chemical reactivity. There are several very interesting characteristics of DNA. Three of the most rsfs.royalsocietypublishing.org Interface Focus 6: 20160064 relevant in the context of this discussion include (i) polyanionic nature, (ii) hybridizability, and (iii) persistence length. In subsequent sections, the use of these properties for conjugation, detection and material design using QD-DNA conjugates will be discussed. Specific conjugation of DNA to QDs (and other NPs) is brought about by reaction of particular functional groups on DNA with those on QDs. These reactive functional groups are incorporated during the solid phase synthesis of DNA. These modifications produce specifically end-labelled DNA, where single functional groups (such as -NH 2 , -SH, -N 3 ) can be chemically inserted along with hydrocarbon linker chain of desired length. This linker chain projects the functional group away from the oligonucleotide chain, and hence increases the solvent accessibility and reactivity of the functional group. Additional functional chemical groups such as biotin, PEG, etc. can also be incorporated during the synthesis of DNA. These groups often improve the water solubility, reactivity and/or the intracellular uptake of DNA.
The conjugation strategies discussed herein are grouped in two categories: first are the strategies where functional groups on DNA have affinity directly towards the inorganic shells of QDs, and second, where the DNA interacts with specific organic or biomolecular ligands on the QDs.
Conjugation of DNA to shells of quantum dots
Ligands such as thiols and imidazoles have affinity towards the inorganic shells of QDs (figure 4). These interactions have been used to attach DNA to QDs as described in the subsequent section.
Thiolated DNA
This is the most popular category of ligands for the non-covalent attachment to the surface of QDs. Thiols have an intrinsic property to self-assemble on the surface of nanoparticles, including QDs. QDs are first dispersed in water using small molecule ligands such as MPA. Excess MPA is removed by several rounds of centrifugation and resuspension in basic buffers (pH . 8), wherein deprotonation of MPA makes the nanocrystals hydrophilic. Then thiolated DNA is added in excess, such that dynamic equilibrium can replace the original ligands with thiolated DNA. First shown by Mitchell et al., alkylthiol-labelled DNA of various lengths have been self-assembled on a range of colloidal nanoparticles including QDs in high yield and reproducibility [44] [45] [46] . In the first report, the exchange was carried out for 1-2 days and several length and sequences of DNA were assembled. These conjugates displayed infinite stability at high concentrations, but were sensitive to pH, photo-oxidation and dilutions. Since then several reports have conjugated thiolated DNA on QDs within shorter times [47, 48] . However, general issues with photo-oxidative ligand loss and pH sensitivity are a fundamental limitation of this approach.
Peptide-tagged DNA
Imidazoles are another class of functional groups that have high affinity toward shells of QDs. This affinity has been harvested in the use of polyhistidine peptide tags of various lengths to conjugate DNA to QDs. Sapsford et al. demonstrated that polyhistidine tags could self-assemble over the QD surfaces with almost instantaneous kinetics [49] . Several reports from Mattoussi's group have also demonstrated that DNA conjugation can be carried out on peptide tags with terminal functional groups such as lysine ( -NH 2 ), aspartate (-COOH) or cysteine (-SH) using specific reaction conditions [50] . These conjugates could be then purified using affinity or reverse phase liquid chromatography and simply mixed with ligand-exchanged QDs. These conjugates are state of the art and easy to assemble. However, there are certain limitations. rsfs.royalsocietypublishing.org Interface Focus 6: 20160064
Affinity of the imidazole group towards the QD surface is highly pH dependent. Protonation of the N-hydrogen of imidazole functional group (at pH , 6) destabilizes the conjugates. Additionally, because polyhistidine-tagged peptides are highly cationic and DNA is highly polyanionic, the conjugation in solution is complex and pH sensitive, and often results in low yield and aggregation of the biomolecules when synthesized [51] . This issue could, however, be circumvented by using DNA with a neutral polypeptide backbone (PNA) which retains the properties of hybridization of DNA without the high negative charge. Additionally, PNA-DNA duplexes have higher thermodynamic stability than DNA-DNA [52] and are far more expensive than DNA. These two factors limit the use of the PNA-based conjugates for rapid and efficient biosensing applications.
Phosphorothioate-modified DNA
The DNA backbone comprises polyphosphates. The polyphosphates can be synthetically modified to phosphorothioates wherein one of the non-bridging atoms of oxygen is replaced with sulfur. Sulfur has much higher affinity (approx. 3000Â) for Cd 2þ than oxygen and hence forms stronger complexes with the inorganic shells, including QDs. First demonstrated by Kumar et al. on colloidal gold, this affinity has been utilized to conjugate phosphorothioate-modified DNA to gold nanoparticles (GNPs) [53, 54] and later to QDs [55] [56] [57] either post or during synthesis. This method is advantageous to link DNA on NPs, but suffers from the limitation that the 'attached' DNA is conformationally distorted and often loses its ability to hybridize complementary DNA [56] . However, this is circumvented by introducing a DNA overhang with phosphodiester backbone, displaying the target sequence [58] . Using a combination of phosphorothioate backbone (for binding) and phosphodiester backbone for molecular assembly, these pre-functionalized QDs can be further used for hybridization, biosensing, cellular targeting and other applications.
Conjugation of DNA to ligands on quantum dots
In the previous section, the conjugation strategies were based on the affinity of the functional groups on DNA towards the metal ions on the shells of the QDs. Another popular category of conjugation can be based on affinity of DNA for specific ligands coating the surface of the QDs (figure 5). Some of the examples are discussed below and summarized in figure 5.
Lipid encapsulated conjugates
As discussed in the previous section, amphiphilic phospholipids self-assemble as micelles on the surface of QDs and impart water solubility to QDs. The polar head groups of the phospholipids impart water solubility. As shown by Dubertret et al., the composition of encapsulating phospholipids can be tailored such that a few display functional groups that can be used for conjugation of DNA [7, 8] . More recently, Aimé et al. have shown that lipid oligonucleotide conjugates (LONs) can embed within the amphipathic capping layer on QDs by hydrophobic interactions [59] . In this method of conjugation of DNA, the oligonucleotides are first conjugated to the amphiphilic lipids and then added in the overall encapsulating formulation to directly display conjugated DNA on QDs. These methods, however, lack control over the conjugation efficiency. These conjugates also have less applicability in the context of cellular processes, because phospholipid preparations often result in unambiguous cytoplasmic delivery or translocation through lipid bilayer [60] [61] [62] .
Electrostatic interactions with ligands on quantum dots
The phosphate backbone of DNA is highly negatively charged. This enables attachment of DNA to QDs with positively charged surface coatings by virtue of the electrostatic attraction. There are several examples of QD-DNA conjugates synthesized via this method in the literature. This approach is very simple, instantaneous and results in high DNA loading. Mirkin et al. demonstrated for the first time that DNA loading capacity on GNP can be further enhanced by step-wise increase in the osmolarity of the reaction [63] . Phosphate backbone-mediated electrostatic attachment of DNA on polymer-coated QDs has been shown [45] . In a report by Peng et al., QDs were ligand exchanged with cationic polymers such as poly(diallyldimethylammonium chloride) and associated with DNA by electrostatic interactions [64] . In another report by Lee et al., QDs were first ligand exchanged with amine-modified DHLA and passivated with a layer of high molecular weight PEG. This DHLA-PEG hybrid layer has moderate cationic nature along with antifouling properties and can be used to quantitatively load DNA mediated by electrostatic interactions [65] . Other strategy involves using small molecule ligands such as MPA (negative charge) followed by PEI (polyethylenimine) [66] [67] [68] . These high to moderately cationic QDs have been extensively used to electrostatically assemble excess of DNA for biodetection and delivery of therapeutically active agents.
However, electrostatics-mediated attachment of DNA to QD and other nanoparticles has several limitations. Affinity of phosphate towards the positive surface of QDs may lead to conformational distortion of DNA [69] . The interactions between the phosphate backbone of DNA and the QD surface can vary with the pH, and the conjugates tend to aggregate upon long storage. Also, the preparations are often heterogeneous with variations in conjugation yield.
Surface modified quantum dots
In a recent report, Kwon et al. have demonstrated that DNA can be conjugated on QD based on affinity of polyimidazoles for Ni-NTA [70] . In this approach, QDs displaying carboxylic acid functional groups have been conjugated with polyglycinepolyhistidine peptide tag. In parallel, DNA is conjugated to thiolated NTA. Post conjugation, Ni 2þ chelation of the NTA is carried out, which makes the DNA reactive towards the polyhistidine tag. These two reactants have been shown to self-assemble instantaneously and the complexation can be reversed in presence of excess imidazole. However, this study does not discuss the natural propensity of polyhistidine tags to self-assemble on the inorganic surface of QDs (and other NPs). The specificity of conjugation of the polyglycine-polyhistidine peptide to the carboxylic acid ligands is thus debatable. This approach is conceptually similar to the design of using NTA-modified QDs to associate polyhistidine-tagged proteins [49, 71] where tighter control over the number of DNA per QD is imposed.
Affinity for existing conjugated ligands
Biotin-streptavidin binding is one of the strongest noncovalent interactions known in biology. This high affinity has been exploited in multiple scenarios to attach rsfs.royalsocietypublishing.org Interface Focus 6: 20160064 DNA [76] . Molecular cloning has also realized facile production of higher affinity avidin variants such as dimeric rhizavidin [77, 78] or electrostatically neutral variants (at physiological pH) such as neutravidin which further expands the tool-kit of this type of conjugation. Streptavidin-Bt -DNA conjugates of QD have been easily generated and could be used for various applications. Zhang et al. showed that different lengths of DNA could be easily assembled on the QD surface by simple one-step mixing protocol [79] . However, the only limitations of this approach is that the additional layer of protein often results in an increase in the size of the particle, that eventually limits its applications in contexts of particle tracking at neuronal synapses or ion channels.
Conjugation of DNA to specific ligands on QDs has been demonstrated by different strategies. Each strategy has its own merits and demerits, as described above and listed in table 1. Most reactions are tailored based on the need of specific types of conjugates, such as QY, size, poly-functionalization, ease of preparation, etc. The rapidly expanding library of ligands is paving way for the development of newer generation of conjugates with highly desirable properties for applications in biology.
Types of covalent conjugation reactions
Commercially available linkers are most commonly employed to form covalent bonds between the ligands on QDs and DNA. These linkers (i) either assist in the 'activation' of the reacting molecules by forming transient intermediates (using carbodiimide chemistry) or (ii) have two functionally reactive groups on the same linker, one for each reacting molecule (bifunctional linkers). The following section describes the use of these linkers in several examples of covalent conjugation of DNA to QDs based on the reacting functional groups.
Amine to carboxylic acid conjugation
This is one of the extensively used strategies for conjugation of DNA to QDs (figure 6a). The QDs are first coated with ligands that bear carboxylic acid functional groups. These ligands are either small molecules such as MAA (mercapto acetic acid), MPA, MHA and DHLA [35, 42, 80, 81] or derived polymeric scaffolds terminating in carboxylic acid [82, 86] . To all of these QDs 'terminating' in solvent-exposed carboxylic acid functional groups, conjugation of amine-functionalized DNA is carried out in the presence of EDC and NHS. First, the carboxylic acid group of QDs is activated by reaction with EDC. This step produces a highly reactive (and labile) O-acylisourea intermediate. This intermediate can be immediately mixed with NHS, which results in QD-NHS. These NHS-derived QDs are then reacted immediately with amine-DNA to form a stable amide bond between the capping ligand and DNA. In the case of failure of reaction with NHS, the intermediate hydrolyses and the carboxylic acid on QDs can be regenerated. This method retains the small size of QDs and is often used to conjugate DNA on QDs coated with mercapto alkyl acid based ligands or polymers with terminal acids. However, this reaction is very sensitive to rapid hydrolysis of esters of EDC-NHS. In addition, particularly observed for QDs coated with mercapto alkyl and DHLA ligands, the nanoparticles tend to lose colloidal stability [87] when the terminal carboxylic acids undergo esterification with EDC-NHS. These two factors often result in reduced yields.
Amine to thiol reactive linkers
There are two popular types of amine to thiol reactive cross-linkers used for bioconjugation on QDs. The first is sulfosuccinimidyl-4-(N-maleimido-methyl) cyclohexane-1-carboxylate (sSMCC) which has a terminal NHS and a terminal maleimide (figure 6b). In this reaction, amine-labelled DNA is first reacted with NHS to give DNA maleimide. The DNA maleimide is then conjugated with polymer-capped QDs, which have been reduced to display thiols [84] . The same design could also be used to conjugate proteins and antibodies to QDs [88] . Alternatively, a more classical utilization of this approach involves functionalizing QDs displaying primary amines to thiol-modified DNA [8] .
Another bifunctional linker called succinimidyl 3-(2-pyridyldithio)propionate (SPDP) can also be used to functionalize amine terminating DNA to QDs [83] . This linker has an NHS group on one end and a cleavable pyridyl disulfide on the other. The general template to use this linker is to first functionalize amine-DNA with the linker. In the second step, the disulfide is cleaved in the presence of a reducing agent to generate reactive thiols. The reducing agent and the pyridine-2 thione group (by-product) thus generated are removed and the DNA functionalized with a reactive thiol is mixed with maleimide-functionalized QD. The thiol-maleimide reaction results in conjugation of DNA.
Apart from conjugation of thiol to maleimide by the reaction described above, SPDP can be also used to couple thiol to thiol by simple disulfide exchange. The pyridyl disulfide moiety in SPDP can transiently react with reactive thiol containing ligands resulting in successful and reversible conjugation. Another specific advantage of using SPDP over SMCC is the control over utilization of the pyridyl disulfide. After reaction of the linker with the primary amine containing biomolecule, the modified biomolecule can be easily stored for long periods without loss of function of the linker. However, in the case of SMCC, the maleimide derivative should be reacted within a day due to hydrolysis of the maleimide. A comparative disadvantage of SPDP over SMCC is the formation of disulfide cross-linking in the case of the former. In the case of reactions carried out in pH 7-8, reformation of disulfide can lead to cross-linking of biomolecules instead of reaction of the maleimide of QD to the thiols of the biomolecule. Hence, tight regulation of pH in the case of this reaction is highly sought after.
Click chemistry
Click chemistry is the new age biorthogonal labelling technique employed to conjugate a range of biomolecules onto one another. The reaction comprises covalent conjugation of a molecule with functional azide to another molecule with alkyne via cycloaddition (figure 6c). The reaction is often catalysed by Cu þ . However, Cu þ cations are known to quench the photoluminescence of QDs [16] . In order to circumvent this issue, Cu-free click chemistry has been employed to conjugate DNA to QD while maintaining high fluorescent quantum yield [85] . Briefly, QDs coated with DHLA-PEG-N 3 were mixed with cyclooctyne-modified DNA (thrombin binding aptamer) in a 1 : 30 ratio and left overnight at 48C. With this approach, approximately 67% of total DNA was conjugated. This is one of the highest yields reported so far. Covalent conjugation of biomolecules on the surface of QDs is by far the most popular method to prepare rsfs.royalsocietypublishing.org Interface Focus 6: 20160064 [80 -82] QDs with amines thiol modified [83] QDs with thiols amine modified cyclooctyne [84] QDs with azide -reactants are not prone to hydrolysis -loss of QY [85] rsfs.royalsocietypublishing.org Interface Focus 6: 20160064
biofunctionalized QDs. The linkers are cheap and easily available and most of the reactions can be carried out without the need of highly specialized conditions. These methods also ensure that the DNA (or other biomolecule) remains tightly bound to the QDs and the stability is derived from the innate stability of the encompassing ligands. After preparation of QD-DNA conjugates by various methods discussed above, the conjugates need to be purified from the excess uncoupled reactants. A few of the most popularly employed methods are discussed below. 
Purification of conjugates of quantum dot-DNA
The search for an ideal method of purification of functionalized QDs from the excess reactants is as old as the hunt for best strategy of conjugation. Almost no biological or chemical application of these specific conjugates can be carried out without purification of excess (uncoupled) DNA. There are three broad methods of separation discussed herein.
Electrophoresis
Electrophoretic migration of QDs depends on both the type of QD structure and the type of surface chemistry. Ligands such as MPA, DHLA and anionic polymers impart negative charge on QDs, which facilitates migration towards positive terminals [35, 38] . Conjugation of proteins with near neutral isoelectric points ( pIs) often reduces electrophoretic migration of QDs [89] . Contrarily, conjugation of DNA generally increases anodic migration, which is also affected by the length and number of DNA conjugated [76, 79, 90] .
Trends in altered electrophoretic migration have been used to separate QDs conjugated with DNA from the unconjugated ones [79, 91] . Electrophoresis is indeed one of the most simple and routinely used methods of characterization and purification of QD-DNA conjugates. QDs conjugated to DNA have even been purified by the extent of labelling stoichiometry [58] . However, in order to extract conjugated QDs from the gel, tedious extraction processes need to be carried out. The relevant bands of interest should be first excised out of the agarose gel followed by either melting of the gel or prolonged incubation of the gel fragments in relevant buffers. QDs are then re-collected back by centrifugation and concentration. Passing QD-DNA conjugates from several of these methods often result in poor yields and issues with long-term stability.
Ultracentifugation
Owing to the presence of multiple metallic atoms in a confined volume, QDs (and other NPs) have high density in the core and at the shell. Additional coating of organic polymeric layer does not increase the density of particles. However, general ligand exchange procedures can change the state of aggregation of the samples. Further conjugation of biomolecules on this layer does not contribute towards increase in the density of the biomolecules. This allows for separation of QDs from fluorescent or colourless biomolecule layer [7, 83] .
Chromatographic separation
Several examples of purification of QD-DNA conjugates using a variety of chromatographic techniques have been reported in the past. For example, in reactions with high yield of conjugation, the nanoparticle size increases due to the addition of a layer of biomolecules. This facilitates purification of QD-DNA conjugates from unreacted DNA using size exclusion chromatography (SEC) [84, 92] . Another approach to purify QD-DNA conjugates from unreacted DNA is by the use of anion exchange chromatography (AEC) [93] . The affinity of diethyl-aminoethyl (DEAE) based matrices for anionic ligands such as DNA is well known [94] . This affinity is used as a method to purify QDs conjugated with DNA from the unconjugated ones. First, a column prepacked with DEAE cellulose beads is equilibrated with buffers of low ionic strength. This enables interaction of the DNA-functionalized QDs with the matrix whereas the unconjugated QDs elute out at this time. Then the entrapped QD-DNA conjugates can be eluted by simply passing a buffer of higher ionic strength through the column. A further modification of this strategy is the use of DEAE-modified magnetic beads [95] . Herein, Uddayasankar et al. tuned the purification strategies to particularly separate QD-DNA conjugates from unreacted QDs by binding to DEAE on the magnetic beads. In this particular study, QDs conjugated to different lengths of DNA were purified by tuning the ionic strength of the interacting and eluting media. The rapid purification times (within minutes) and reduced number of interacting interfaces in the case of magnetic beads were a far more efficient method of purification than cellulose beads.
Applications of quantum dot-DNA conjugates
The predictable base pairing properties and persistence length of DNA make it an ideal template for nanoconstruction. Conjugation of electron dense nanoparticles such as gold or QDs to DNA opens up routes for novel designs and nanoassemblies [73, 96] . These GNP/QD-functionalized DNA templates can then be used to synthesize novel materials for engineering, charge transport and photo physics. In parallel, such synthetic scaffolds could also be used for biological applications. In this section, three broad categories of applications of QD-DNA conjugates related to biosensing and therapeutics are briefly discussed (figure 7).
Synthetic programmable scaffolds
With the increasing popularity and ease of generation of QDs (and other NPs) functionalized by DNA, these synthetic scaffolds have been recently used to develop highly complex, tunable and reconfigurable macromolecular scaffolds (figure 7a). Conjugates of QD-DNA have been assembled into various geometries for about 15 years now. In one of the first reports by Mitchell et al., QD and GNP assemblies were augmented by DNA hybridization [44] . In rather recent examples, QDs emitting at different wavelengths were conjugated to DNA of different lengths and assembled into reversibly programmable structures with controlled valency and orientation by Tikhomirov et al. [97] . These structures could be tuned to mitigate electron transfer thereby allowing control on photophysical properties. In another report by Ko et al., QD-DNA conjugates have been precisely positioned on DNA origami templates using hybridization and used to tune the fluorescence lifetime of QDs via this synthetic scaffold [98] . In yet another approach, electrostatic interactions have been used to encapsulate QDs within a DNA nanocage by Wang et al., to conserve the single molecule aggregation-free state of QDs in solutions [99] . In a similar approach by Wang et al., QD-DNA conjugates have been used for the detection of a correctly 'folded' 3D DNA origami cage [100] . These conjugates are not only novel materials for design and assembly, but also display interesting electronic and chemical properties and therefore are valuable for understanding the macromolecular behaviour of complex nanomaterials.
Biosensing application
The conjugates of QD-DNA have been widely used for detection of nucleic acids including DNA, RNA, mRNA and rsfs.royalsocietypublishing.org Interface Focus 6: 20160064 miRNA, and other molecular ligands. The biosensing modality is introduced to QD-DNA conjugates by using fluorescently labelled complementary probes that can hybridize and ensure a bimolecular process like fluorescence resonance energy transfer (FRET) (figure 7b) [101] [102] [103] . The FRET signal can be induced by simple mixing of target polynucleotide sequences [104] . In one of the classic works by Zhang et al., a QD-DNA to Cy5 DNA-based single molecule FRET nanosensor was developed which was then used to detect single point mutation in clinical samples [105] . This FRET-based biosensing design showed more than 100Â superior performance over vastly popular molecular beacons. It was also minimalistic design with no additional requirement for purification. conjugates to monitor the DNA replication [106] . The 'donor' (QD-DNA) conjugates were incubated in a soup of dNTPs (wherein dUTP was labelled with acceptor fluorophore) and telomerase. Successful incorporation of dNTPs (i.e DNA synthesis) by the action of telomerase positioned the fluorophore ('acceptor') close to the QDs, resulting in a FRET 'on' system. Upon successful DNA elongation, both loss of donor intensity and concomitant increase in acceptor intensity were used as a time-dependent read-out for enzymatic activity of telomerase. A similar work by Suzuki et al. used QD-DNA FRET-based biosensing to characterize the polymerase activity during elongation of the DNA strand (PCR) [107] . In this work, QD-DNA conjugates were used as a template for elongation of DNA by systematic incorporation of fluorophore-labelled nucleotides. Successful elongation of DNA by addition of nucleotides by the activity of DNA polymerase converted the QD-DNA conjugate into a FRET system; where energy transfer could occur between QD-DNA and fluorophore on the newly elongated strand of complementary DNA. This design led to rapid assessment of activity of DNA polymerases.
In a rather recent study, Shahmuradyan & Krull employed an interesting FRET-ON design. They conjugated a pair of thiazole-orange dye-derivative at predefined locations on ssDNA, and conjugated this strand to QD [108] . This thiazole-orange dye can have excitonic interactions with the adjacent dye molecule, resulting in a fluorescent quenched state. These molecules can additionally intercalate in dsDNA efficiently. Therefore, upon hybridization of this DNA strand with its complementary sequence, the thiazole-orange derivatives intercalate within the DNA, thereby losing the electronic overlap resulting in a 'quenched' state. This QD-dye-dye assembly could then act as a FRET-ON system. This assembly has been employed to detect single nucleotide polymorphism in complex serum containing media with better signal to noise than conventional QD-dye FRET system.
In the above few examples, QDs have been used as the energy 'donor' for the FRET pairs. There are several examples where QDs perform as FRET acceptors, by coupling them with luminescent lanthanide derivatives, which act as energy donors. These lanthanide derivatives have a larger Stoke's shift (approx. 150 nm) and longer fluorescence decay times (millisecond range) along with sharper emission of about 10 nm FWHM. These properties enable multiplexed detection with minimal cross-talk along with expanded FRET distances compared with organic dyes [109] . As demonstrated by several works from the Hildebrandt group, lanthanide complexes employing terbium (Tb) are particularly promising for FRETbased bio-applications, including cell biology and clinical diagnostics [110] [111] [112] . In other classic works by the same group, Tb-to-QD FRET has been employed for multiplexed detection of up to three circulating miRNAs in samples in the presence of serum [113] . These works used time-gated FRET detection that was rapid with minimal sample processing ( preparation and purification) and high sensitivity with detection limits close to 30 fmol for triplex detection. Needless to say, lanthanide complexes-to-QD FRET are the current state of the art for rapid, amplification-free biosensing.
A variation of this design is when loss of FRET is coupled to the biosensing. An interesting example of this 'FRET-loss' method is the work by Zhang et al. where a thrombin binding aptamer was conjugated to QD and blocked by partially complementary sequence. Terminal fluorophore on this complementary sequence formed a FRET pair with QD.
Binding of a longer complementary ssDNA or conformational change induced by thrombin to the aptamer, displaced the fluorophore-labelled DNA, thereby causing loss of FRET [85] . In another classic example by Kay et al., the use of conformational change of DNA induced FRET to quantify pH in endosomes of live cells [114] .
Another biosensing application of QD-DNA conjugates is in fluorescence in situ hybridization (FISH) [115, 116] . The purpose of FISH is to locate specific gene targets in metaphase chromosomes of model organisms for karyotyping, biomarker detection, etc. The fundamental principle involves searching for 'target' sequences mediated by hybridization of fluorescent complementary sequence. The probe DNA conjugated to QD is incubated with cells (in metaphase), denatured and fixed on glass slides. The probe DNA is allowed to hybridize with the 'target' gene. The slides are thoroughly washed and stained with DAPI (to mark the chromosomes) and imaged using total internal microscopy. Almost at the same time, Bentolila & Weiss and Xiao & Barker demonstrated that the FISH assay using QD-DNA probes have much higher sensitivity and signal to noise ratio in comparison with organic fluorophores.
Another example where QD-DNA conjugates are used for biosensing is in the detection of mRNAs [117] . A high throughput microarray of 'catch' DNA sequences was prepared, and biotinylated target sequences of mRNA (unknown) were allowed to hybridize. To this assembly, QDs labelled with streptavidin were passed at a controlled flow rate so as to enable streptavidin-biotin binding. Then the array was washed to get rid of excess background, and QD fluorescence was used as a detection signal. Presence and intensity of fluorescence indicated presence and quantification of target miRNA sequence. Using QDs for this detection, Liang et al. demonstrated the detection limit of less than 1 fmol and dynamic range of sensitivity up to two orders of magnitude, demonstrating the power of QD-enabled molecular diagnostics.
Another category of biosensing and theranostics application of QD-DNA conjugates is the use of QD-aptamers [118] . Aptamers are synthetic sequences of DNA that can be selected to have specific recognition motifs binding to particular targets. These aptamers are designed and selected by SELEX (systematic evolution of ligands by exponential enrichment) where DNA sequences with specific affinity for targets of interest are screened and mutated to improve the affinity by several iterations of synthetic evolution. Functionalization of QDs with these DNA aptamers paves the way for using QDs for molecular diagnostics. The thrombin binding aptamer and the pH sensing sequence discussed in the previous sections are a few of the classic examples of QD-DNA aptamer mediated detection of analytes. Several QD-aptamer conjugates sensitive to different analytes are being rapidly developed. Interested readers are referred to a recent review by Jo et al. for a detailed overview [118] .
Using QDs as alternatives to fluorophores for biosensing assays has definitely improved the reliability of detection due to high signal to noise and also substantially increased the limit of detection of analytes, thereby improving the current state of the art. These QD-DNA -fluorophore FRET-based detection methods are robust, sensitive, ratiometric and highly quantitative. The existing challenge is to carefully control the number of DNA and generate homogeneously labelled populations of conjugates. This area is currently actively being investigated.
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Delivery and therapeutics
The conjugates of QDs find applications in delivery and therapeutics primarily because of two reasons: (i) high surface to volume ratio allows loading of multiple copies of biomolecules on single scaffold and (ii) enhanced photostability enables long duration tracking inside cells. There are a few examples where QD-DNA conjugates have been used for intracellular delivery of biologically active materials for therapeutic applications. These examples can be broadly divided into nanoparticleassisted gene regulation and gene therapy (figure 7c). One of the earliest examples by Srinivasan et al. showed intracellular gene regulation by tracking and delivery of plasmid using QD-DNA conjugates [83] . A plasmid encoding for enhanced green fluorescent protein (EFGP) is labelled with several QDs via PNA-DNA hybridization and transfected into cells. The intracellular and subsequent nuclear delivery of the labelled plasmid is tracked by time-lapse imaging of the QD signal. Also, time-dependent analysis of intracellular GFP signal could be used as a read-out for plasmid-induced protein expression. Similar design of QD-DNA conjugates have been used for by Wu et al. for transfection of plasmid and over expression of a number of proteins in cellulo [119] . An alternative approach by Li et al. involved transcriptional activation of the 'conjugated' plasmid in response to spatial stimulus [120] . This design has been implemented in loading plasmid encoding EGFP onto QD surfaces and transfecting this complex into cells. The complexes localize in the nucleus and remain transcriptionally inactive. However, addition of glutathione in the media triggers plasmid release from the QD surface, which in turn makes the plasmid transcriptionally more active. This design provides additional control over the transcription and is a classic example of biosensing and therapeutic application of QD-DNA conjugates.
Another class of therapeutic applications is the use of QD-DNA conjugates for siRNA-mediated gene silencing [121] [122] [123] . First demonstrated by Derfus et al., QDs were labelled with siRNA against EGFP and transfected in stable cell lines. The concomitant silencing of EGFP gene was observed by comparison of EGFP signal in trypsinized cells. This design has been further tuned by others to show QD-DNA mediated gene silencing in other cellular contexts. However, several reports also suggest that different nanoparticles can often get trapped in the endo-lysosomal pathway and get degraded. This impedes their full potential in therapeutics.
Therefore, for more widespread applications of QD-DNA conjugates in therapeutics, a rigorous and careful evaluation of nanoparticle surface parameters is absolutely essential.
Perspectives
Since the first report of DNA conjugation onto QDs about 15 years back, there has been a lot of progress in the strategies of ligand exchange, coupling and the eventual applications of QD-DNA conjugates. This interesting nanomaterial-biology interface is increasingly developing and the scope and applications of such tailored materials are also expanding. However, there are still some persistent challenges. For example, solution stability along with compact structure of nanobioconjugates can be improved further. Additionally, purification methods involving dilution and centrifugation cause loss of several ligands from the surface of QDs that reduce both the QY and solution stability of QDs. The third and bigger challenge is the reduction of non-specific adsorption on the surfaces of the cells. For any specific intracellular application, the interaction of biofunctionalized QD with cells should be highly specific. However, owing to the presence of DNA, there is often an increased non-specific uptake of QD-DNA conjugates within cells. This is attributed to the interactions of nucleic acids to anionic ligand binding scavenger receptors. This type of uptake of QD-DNA conjugates eventually traps these nanomaterials in the endo-lysosomal system that causes loss of specific functionality. Therefore, careful material design strategies need to be devised that can bypass or overcome this degradation pathway and efficiently deliver nanomaterials to the cytosol. Another challenge is to carefully control the stoichiometry of DNA molecules on the QDs. Current solution approaches have limited success in predicting and realizing specific conjugates with controlled number of DNA molecules, which is essential for several biosensing applications.
Rapidly developing infrastructure, ligand chemistry and understanding of interactions between material and biological interface have the set stage for challenging applications of QD-DNA conjugates such as multiplex biosensing, simultaneous tracking of cellular pathways, and rapid and efficient delivery of therapeutic payload. These advances continue to demonstrate and inspire superior performance of QDs for diversified applications ranging from material design to molecular therapy.
We are unable to accommodate several innovative works of our co-workers from this rapidly expanding community, for the sake of brevity of this review.
